The digestion and subsequent absorption of ingested nutrients is coordinated by gut peptides localized to specific regions of the gastrointestinal tract mucosa and released in response to physiologic stimuli (1, 2). Although the stimuli that effect gut peptide secretion have been well defined, the actual signal transduction pathways responsible for mediating these important cellular events are not well characterized. We are interested in the mechanisms governing the regulation and secretion of the gut peptide neurotensin (NT), 1 that are produced in enteroendocrine cells (N cells) localized predominantly in the distal small bowel (3). NT facilitates fatty acid translocation (4), affects gut motility (5), and stimulates growth of normal gut mucosa (6, 7) as well as certain pancreatic, colonic, and prostatic cancers bearing NT receptors (8). We have established and characterized a novel human endocrine cell line, BON, which abundantly expresses the NT/neuromedin N gene, synthesizes and secretes NT peptide, and processes the NT/ neuromedin N peptide in a manner analogous to that of N cells in the small bowel (9). Using the BON cell line, we have shown that protein kinase C (PKC), particularly PKC isoforms-␣ and -␦, play a role in the release of NT mediated by the phorbol ester, phorbol 12-myristate 13-acetate (PMA) (10). Furthermore, we found that protein kinase D (PKD), a serine/threonine protein kinase that is structurally distinct from the PKC family members, and the Rho/Rho kinase (ROK) pathway is involved in PMA-mediated NT secretion as well as NT secretion mediated by bombesin (BBS), the amphibian equivalent of gastrin releasing peptide (GRP), which is a physiologic stimulant of NT release in vivo (11, 12) .
The digestion and subsequent absorption of ingested nutrients is coordinated by gut peptides localized to specific regions of the gastrointestinal tract mucosa and released in response to physiologic stimuli (1, 2) . Although the stimuli that effect gut peptide secretion have been well defined, the actual signal transduction pathways responsible for mediating these important cellular events are not well characterized. We are interested in the mechanisms governing the regulation and secretion of the gut peptide neurotensin (NT), 1 that are produced in enteroendocrine cells (N cells) localized predominantly in the distal small bowel (3) . NT facilitates fatty acid translocation (4), affects gut motility (5) , and stimulates growth of normal gut mucosa (6, 7) as well as certain pancreatic, colonic, and prostatic cancers bearing NT receptors (8) . We have established and characterized a novel human endocrine cell line, BON, which abundantly expresses the NT/neuromedin N gene, synthesizes and secretes NT peptide, and processes the NT/ neuromedin N peptide in a manner analogous to that of N cells in the small bowel (9) . Using the BON cell line, we have shown that protein kinase C (PKC), particularly PKC isoforms-␣ and -␦, play a role in the release of NT mediated by the phorbol ester, phorbol 12-myristate 13-acetate (PMA) (10) . Furthermore, we found that protein kinase D (PKD), a serine/threonine protein kinase that is structurally distinct from the PKC family members, and the Rho/Rho kinase (ROK) pathway is involved in PMA-mediated NT secretion as well as NT secretion mediated by bombesin (BBS), the amphibian equivalent of gastrin releasing peptide (GRP), which is a physiologic stimulant of NT release in vivo (11, 12) .
The MARCKS (myristoylated alanine-rich C kinase substrate) family of proteins was first identified as prominent substrates of PKC (13, 14) . MARCKS has been implicated in cell motility, phagocytosis, membrane trafficking, and mitogenesis (15, 16) . Moreover, MARCKS has been implicated as a key molecule regulating mucin exocytosis (17) (18) (19) and may play a role in phorbol ester-stimulated platelet secretion (20, 21) . Phosphorylation of MARCKS induces catecholamine release (22) (23) (24) and noradrenaline release (25) (26) (27) . With regards to hormone secretion, phosphorylation of MARCKS protein is required for oxytocin exocytosis in bovine large luteal cells (28, 29) . Arginine vasopressin-induced induction in MARCKS phosphorylation may be involved in initiating the exocytosis of adrenocorticotropin (30 -32) . Furthermore, in isolated pancre-atic islets, phosphorylation of MARCKS is increased by administration of either glucose or carbachol (33) . However, the role of MARCKS in gut peptide secretion is not known.
Given the fact that the MARCKS proteins represent substrates for PKC, we speculated that PKC-mediated regulation of NT secretion might involve MARCKS activation. Therefore, the purpose of the present study was to determine: (i) the role of MARCKS in PMA-and BBS-mediated NT secretion in BON cells, and (ii) whether the PKC and PKD and/or the Rho/ROK pathway are involved in the regulation of MARCKS activity. Here, we show that MARCKS small interfering RNA (siRNA) significantly inhibited NT secretion, whereas overexpression of wild-type MARCKS resulted in a significant increase in PMAmediated NT secretion in intact BON cells. The phosphorylation of MARCKS was inhibited by PKC-␦ siRNA, ROK␣ siRNA, and C3 toxin (a Rho protein inhibitor). The phosphorylation of PKC-␦ was inhibited by C3 toxin. MARCKS siRNA also inhibited BBS-stimulated NT secretion from the BON/GRPR cell lines. MARCKS phosphorylation, stimulated by BBS, was attenuated by PKC-␦ and ROK␣ siRNA, demonstrating the dependence of MARCKS activity on PKC-␦ and ROK␣. Importantly, our results identify a role for MARCKS activation in the stimulated release of the intestinal peptide NT through sequential regulation by PKC-␦ and Rho/ROK proteins.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-Gö6976, GF109203X, Ro31-8220, Rottlerin, Y27632, and HA1077 were from BIOMOL Research Laboratories Inc. (Plymouth Meeting, PA). Gö6983 was from Calbiochem (La Jolla, CA). BBS was obtained from Bachem (Torrance, CA). PMA and the mouse monoclonal anti-green fluorescent protein (GFP) antibody (clone GFP-20) and anti-␤-actin antibodies were from Sigma. The anti-human MARCKS, and PKC-␦ polyclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-phospho-MARCKS (Ser-152/ 156) and PKC-␦ (Thr-505) antibodies were from Cell Signaling Technology (Beverly, MA). The anti-ROK␣ antibody was from BD Pharmingen. Alexa Fluor 568 antibody for fluorescent staining was from Molecular Probes (Eugene, OR). The anti-secondary antibodies were from Pierce (Rockford, IL). The enhanced chemiluminescence (ECL) system for Western immunoblot analysis was from Amersham Biosciences. The concentrated protein assay dye reagent was from Bio-Rad. Tissue culture media and reagents were from Invitrogen. All other reagents were of molecular biology grade and purchased from Sigma.
Expression Constructs and Small Interfering RNA (siRNA)-The GFP-tagged bovine MARCKS plasmids, including wild-type MARCKS, myristoylation mutant MARCKS (A2/G2), and phosphorylation mutant MARCKS (A/S) were described previously (34) . MARCKS, ROK␣, PKC-␣, -␦, and PKD siRNA were synthesized by Custom SMARTPool siRNA Design Service of Dharmacon, Inc. (Lafayette, CO). The nonspecific control siRNA was purchased from Dharmacon. Recombinant GST-C3 and GST control proteins were purified from Escherichia coli using constructs provided by Dr. Keith Burridge (University of North Carolina, Chapel Hill, NC).
Cell Culture, Transfection, and Stable Cell Lines-The BON cell line was derived from a human pancreatic carcinoid tumor and characterized in our laboratory (9) . BON cells are maintained in a 1:1 mixture of Dulbecco's modified Eagle's medium and nutrient mixture, F12K, supplemented with 5% fetal bovine serum in 5% CO 2 at 37°C. Stable clones of BON cells transfected with the receptor for GRP (GRPR) tagged with GFP were established as described previously (11) and cultured in the same medium as BON cells except supplemented with 10% fetal bovine serum and G418 (400 g/ml). All plasmids, siRNA, and GST-C3 protein were transfected by electroporation (400 V, 500 microfarads for plasmids or siRNA; 450 V, 25 microfarads for GST-C3 protein) using GenePulser XCell (Bio-Rad).
Cell Treatments and NT Radioimmunoassay (RIA)-All experiments were performed 24 -48 h after seeding cells or transfection if not specifically indicated. Before each experiment, BON cells were washed with serum-free secretion medium (Dulbecco's modified Eagle's medium-F12K containing 1% dialyzed BSA) and starved in secretion medium. For NT release experiments, BON cells were treated with PMA in secretion medium for 30 min. For inhibitor treatments, cells were pretreated with inhibitors for 30 min, followed by combined treatments with PMA (10 nM) and inhibitors for another 30 min. BON/GRPR cells were treated with BBS (100 nM) in Krebs-Henseleit buffer, containing 0.294 g/liter of CaCl 2 , 5.9 g/liter of HEPES, 0.1% bovine serum albumin (pH 7.4) for 30 min. Medium was collected and stored at Ϫ80°C until RIA for NT. RIA for NT was performed in duplicate samples as described previously (35) .
Protein Preparation and Western Blotting-Protein preparation and Western blotting were performed as described previously (10) . In brief, equal amounts of protein were resolved on NuPAGE BisTris gels (Invitrogen) and electrophoretically transferred to polyvinylidene difluoride membranes; the membranes were incubated with primary antibodies overnight at 4°C followed by secondary antibodies conjugated with horseradish peroxidase. Membranes were developed using the ECL detection system.
Immunofluorescent Staining and Fluorescent Microscopy-BON cells were grown on glass coverslips in 24-well plates. Three days after seeding, cells were treated with vehicle (0.1% Me 2 SO) or PMA (10 nM) for 30 min. After treatment, cells were fixed with 4% paraformaldehyde for 20 min at 37°C. After three washes with PBS, the cells were permeabilized with 0.3% Triton X-100 for 15 min at 37°C and blocked with 1% BSA/PBS for 20 min. The cells were incubated with goat polyclonal anti-MARCKS antibody diluted 1:100 with 1% BSA/PBS for 1 h at room temperature or overnight at 4°C. Cells were washed three times with PBS and incubated with Alexa 568-conjugated anti-goat secondary antibody diluted 1:500 in 1% BSA/PBS. The fluorescence of MARCKS immunoreactivity was observed under a fluorescent microscope.
Real Time Confocal Microscopy-BON cells, transiently expressing GFP-tagged MARCKS, were cultured in 25-mm round coverslips in 6-well plates and imaged in real time before and after PMA treatment. Cells were placed inside a pre-warmed (37°C) chamber on the stage of an LSM 510 META confocal system configured with an Axiovert 200M inverted microscope (Zeiss, Jena, Germany). GFP fluorescence images were acquired using a plan-apochromat ϫ63, 1.4 NA oil immersion objectives and the 488-nm line of an argon-ion laser for excitation. The image acquisition and processing was carried out using the Zeiss LSM510 work station (version 3.0) and the Zeiss Image Browser (version 3.1) software.
Statistical Analysis-All experiments were repeated at least three times and data were reported as mean Ϯ S.E. Data were analyzed using the Kruskal-Wallis test because of heterogeneous variability in each group. All tests were assessed at the 0.05 level of significance. All statistical computations were conducted using the SAS TM system, Release 8.2 (36) .
RESULTS

MARCKS siRNA Inhibits PMA-mediated NT Secretion and MARCKS Expression in BON Cells-Based on findings that
PKC-␣ and -␦ regulated PMA-mediated NT secretion in BON cells (10), we determined whether MARCKS, a major PKC substrate that has been implicated in the secretion and membrane trafficking of a number of cell types (17, 28, 37) , was also involved in PMA-mediated NT secretion. We utilized the RNA interference technique to selectively reduce MARCKS expression ( Fig. 1) . BON cells were transfected with MARCKS siRNA and the control siRNA. Forty-eight h after transfection, cells were treated with PMA (10 nM) or the vehicle control (Me 2 SO) for 30 min. The medium was collected and NT secretion was assayed by RIA (Fig. 1A) . Transfection with siRNA directed against MARCKS decreased PMA-stimulated NT secretion by more than 50% from BON cells compared with the control siRNA. Cells were lysed and Western blot analysis was performed to assess the expression of endogenous MARCKS (Fig.  1B, top) . Compared with cells transfected with the control siRNA, MARCKS siRNA markedly suppressed endogenous MARCKS protein expression. The blot was reprobed with ␤-actin demonstrating equal loading (Fig. 1B, bottom) .
Overexpression of Wild-type MARCKS Increases PMA-mediated NT Secretion-To further confirm the role of MARCKS in NT secretion, BON cells were transiently transfected with GFP-tagged wild-type MARCKS, phosphorylation mutant (MARCKS-A/S) and myristoylation mutant (MARCKS-A2/G2), or the empty vector (pEGFP-N-1) as a control (Fig. 2 ). Cells were serum starved for 30 min and then treated with vehicle (Me 2 SO) or PMA (10 nM) for 30 min and the medium was collected for measurement of NT by RIA ( Fig. 2A ). In the absence of PMA treatment, overexpression of the three MARCKS constructs did not affect NT release compared with the empty vector. Importantly, PMA treatment of cells transfected with wild-type MARCKS significantly enhanced NT secretion compared with PMA treatment of BON cells transfected with the empty vector. In contrast, overexpression of the phosphorylation and myristoylation mutants and treatment with PMA did not enhance NT secretion compared with cells transfected with the control vector in the presence of PMA. Immunoblot analysis of cell lysate was performed to determine the phosphorylation of exogenous (exo) and endogenous (endo) MARCKS (Fig. 2B) . The membrane was blotted with GFP to monitor the overexpression of MARCKS in BON cells; GFPtagged MARCKS was detected after transfection with the three MARCKS constructs either in the presence or absence of PMA, but not with the control vector ( 
PMA Induces Translocation of Endogenous MARCKS from
Membrane to the Cytosol in BON Cells-To further support the role of MARCKS in PMA-mediated NT secretion, we next analyzed the activation of endogenous MARCKS by PMA in BON cells by observing translocation using immunofluorescent imaging (Fig. 3) . BON cells were cultured on coverslips and stained with anti-MARCKS antibody followed by Alexa 568-conjugated secondary antibody and translocation was observed by fluorescent microscopy. Endogenous MARCKS was expressed on the membrane of vehicle (Me 2 SO)-treated BON cells (Fig. 3, left) and translocated to the cytosol of PMA-treated BON cells (Fig. 3, right) . These results demonstrate the activation of endogenous MARCKS protein in BON cells by PMA.
PMA Induces Translocation of Wild-type MARCKS but Not Phosphorylation Mutant or Myristoylation Mutant MARCKS in
BON Cells-To examine the intracellular translocation characteristics of exogenous MARCKS, GFP-tagged wild-type and mutant MARCKS were transfected separately into BON cells. GFP fluorescence was visualized in BON cells using time-lapse confocal microscopy to monitor translocation of MARCKS (Fig.  4) . Serial images were taken before and after the addition of PMA (100 nM). As a control, the fluorescence in BON cells transfected with empty vector was first observed before and after the addition of PMA (Fig. 4, upper panel) ; no changes in GFP localization were noted after PMA treatment. Intense fluorescence was observed in BON cells transfected with wildtype MARCKS (Fig. 4, second panel) . The addition of PMA induced a rapid translocation of wild-type MARCKS from the plasma membrane to the cytosol within 1 min after stimulation. These findings are consistent with our results showing translocation of endogenous MARCKS to the cytosol from the membrane after PMA stimulation in fixed cells (Fig. 3) . In untreated BON cells transfected with phosphorylation mutant MARCKS (A/S), GFP fluorescence was present in the membrane, similar to wild-type MARCKS (Fig. 4, third panel) . The addition of PMA did not result in translocation of the phosphorylation mutant MARCKS. In contrast, in untreated BON cells transfected with the myristoylation mutant MARCKS (A2/G2), GFP fluorescence was present in the cytosol (Fig. 4, lower  panel) . Treatment with PMA did not alter the location of the myristoylation mutant MARCKS. These results demonstrate that both the phosphorylation domain and the myristoylation domain are important for the function of MARCKS and the activation of wild-type MARCKS further supports the role of MARCKS in NT secretion.
Activation of MARCKS Is Dependent on PKC-␦, but Not PKC-␣ or PKD-MARCKS
is known to be a PKC substrate in some cell types (13) . Based on our previous studies in which we found that PKC-␣ and -␦ play important roles in PMA-mediated NT secretion, we next determined whether PKC isoforms are involved in PMA-induced MARCKS activation in BON cells using the PKC inhibitors, Gö6976, Gö6983, GF109203X, and Ro31-8220, which inhibit activity of conventional and novel PKC isoforms (38, 39) , and Rottlerin, which is a selective PKC-␦ inhibitor (38, 39) (Fig. 5) . BON cells were pretreated with these inhibitors (1 M for each) for 30 min prior to a 10-min exposure to PMA (10 nM). As shown in Fig. 5A , all of the inhibitors blocked MARCKS phosphorylation at Ser-152/156 (upper panel), suggesting the requirement of upstream PKC isoforms in the activation of MARCKS. The membrane was reprobed with ␤-actin as a loading control (lower panel).
We next used siRNA against PKC-␣, PKC-␦, or PKD to further delineate the proteins that contribute to MARCKS activation (Fig. 5B) . BON cells were transfected with PKC-␣, PKC-␦, or PKD siRNA or the control siRNA. Forty-eight h after transfection, cells were treated with PMA (10 nM) or the vehicle control (Me 2 SO) for 30 min. Compared with cells transfected with the control siRNA, transfection of PKC-␣, PKC-␦, and PKD siRNA significantly inhibited PKC-␣ (data not shown), PKC-␦ (Fig. 5B, top panel) , and PKD (data not shown) expression, respectively. Importantly, MARCKS phosphorylation was not decreased by either PKC-␣ or PKD siRNA (data not shown) but markedly decreased by PKC-␦ siRNA (Fig. 5B, middle  panel) . Membranes were reprobed with ␤-actin demonstrating equal loading (Fig. 5B, bottom panel) . Taken together, the results suggest that MARCKS protein is a downstream effector of PKC-␦ in BON cells. (37) . In a previous study, we demonstrated that the Rho/ROK pathway contributed to PMA-mediated NT secretion in BON cells (11) . Therefore, in this study, we determined whether the Rho/ROK pathway is involved in PMA-stimulated MARCKS phosphorylation (Fig. 6 ). ROK inhibitors, Y27632 and HA1077 (both at a concentration of 15 M), were first used to assess the effect of ROK inhibition on MARCKS phosphorylation. Both inhibitors markedly attenuated MARCKS phosphorylation (Fig. 6A, top) . These findings suggest the involvement of upstream ROK in the activation of MARCKS. Total MARCKS was probed to assess loading equality (Fig. 6A, bottom) .
Rho/ROK Pathway Is Involved in MARCKS Activation by PMA in BON Cells-ROK (a downstream effector of Rho proteins) regulates MARCKS activation in neuronal cells
To further confirm the involvement of the Rho/ROK pathway, the role of ROK␣ (an isoform of ROK proteins) on MARCKS phosphorylation was examined using ROK␣ siRNA (Fig. 6B) . The inhibition of ROK␣ expression was shown by Western blot analysis (Fig. 6B, top panel) . PMA-mediated MARCKS phosphorylation was decreased in BON cells transfected with ROK␣ siRNA compared with the control siRNA (Fig. 6B, middle panel) . The blot was reprobed with ␤-actin as a loading control (Fig. 6B, bottom panel) . These results further indicate the regulation of MARCKS activity by ROK␣.
Clostridium botulinum C3 toxin specifically ADP-ribosylates Rho and impairs its function (40) . We previously showed that C3 toxin inhibited PMA-mediated NT secretion in BON cells (11) . Therefore, to determine whether Rho proteins are involved in MARCKS activity, BON cells were transfected with C3 toxin overnight and treated with vehicle (Me 2 SO) or PMA (10 nM). Western blot analysis was performed using phospho-MARCKS antibody (Fig. 6C) . C3 toxin attenuated PMA-stimulated MARCKS phosphorylation (Fig. 6C, top panel) . Expression of C3 toxin did not interfere with the expression of MARCKS (Fig. 6C, bottom panel) . Taken together, these results demonstrate regulation of MARCKS activity through the Rho/ROK pathway.
To further delineate the regulated sequence of PKC-␦ and Rho/ROK on MARCKS activity, we examined the effect of C3 toxin on PKC-␦ phosphorylation (Fig. 6D) . BON cells were transfected with C3 toxin overnight and treated with vehicle (Me 2 SO) or PMA (10 nM). Western blot analysis was performed using a phospho-PKC-␦ (Thr-505) antibody. C3 toxin significantly attenuated PMA-stimulated PKC-␦ phosphorylation (Fig. 6D, top panel) . Expression of C3 toxin did not interfere with the expression of PKC-␦ (Fig. 6D, bottom panel) . These findings suggest the regulation of MARCKS phosphorylation by PKC-␦ downstream of the Rho/ROK pathway.
MARCKS Protein Is Also Involved in BBS-stimulated NT Secretion from BON Cells Stably Transfected with GRPR-The
hormone GRP (the human equivalent of BBS) stimulates the release of many gastrointestinal hormones, including NT (12) . BBS-stimulated MARCKS phosphorylation was previously demonstrated in fibroblasts transfected with BBS/GRP receptor (41) or in intact Swiss 3T3 fibroblasts (42) . To further determine whether MARCKS also contributes to NT secretion mediated by BBS, two clones of the stable cell line BON/GRPR were used. As shown in Fig. 7A , NT secretion from BON/GRPR cells was significantly increased by BBS (100 nM) treatment (Fig. 7A, upper panel) . MARCKS phosphorylation was further demonstrated by Western blot analysis; total MARCKS was examined as a loading control (Fig. 7A, lower panel) . Next, BON/GRPR cells were transfected with MARCKS siRNA and treated with BBS (100 nM) (Fig. 7B) . NT secretion was increased by BBS treatment in BON/GRPR cells transfected with control siRNA. However, BBS-stimulated NT release was significantly attenuated in BON/GRPR cells transfected with MARCKS siRNA compared with BON/GRPR cells transfected with control siRNA in the presence of BBS (Fig. 7B, upper  panel) . Western blot analysis showed that the expression of MARCKS was decreased in BON/GRPR cells transfected with MARCKS siRNA compared with BON/GRPR cells transfected with the control siRNA (Fig. 7B, lower panel) .
To further determine whether PKC-␦ and ROK are involved in regulation of MARCKS phosphorylation in BON/GRPR cells, PKC-␦ or ROK␣ siRNA were transfected into the BON/GRPR cells and protein analyzed by Western blot (Fig. 7C) . Expression of PKC-␦ and MARCKS phosphorylation was decreased in BON/GRPR cells transfected with PKC-␦ siRNA compared with control cells transfected with control siRNA treated with BBS; the blots were reprobed for ␤-actin as a loading control (Fig. 7C, upper panel) . Similar results were obtained in BON/ GRPR cells transfected with ROK␣ siRNA. Expression of ROK␣ and MARCKS phosphorylation was decreased in BON/ GRPR cells transfected with ROK␣ siRNA compared with control cells transfected with control siRNA treated with BBS (Fig.  7C, lower panel) . All experiments were repeated using another BON/GRPR cell clone with similar results (data not shown). Taken together, these results, using the physiologic stimulant BBS, further demonstrate that MARCKS significantly contributes to stimulated NT secretion. MARCKS phosphorylation is PKC-␦ and ROK␣-dependent, which is similar to that noted with PMA-mediated NT secretion.
DISCUSSION
Proteins of the MARCKS family play critical roles in diverse cellular functions, including the regulation of exocytosis in certain cells (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) 43) . Despite the obvious importance of MARCKS in the regulation of secretion, the intracellular signaling mechanisms linking MARCKS to secretion have not been entirely elucidated. In this study, we provide evidence that links the activation of MARCKS to stimulated gut peptide release. Treatment of BON endocrine cells with PMA, a potent activator of PKC, resulted in the activation and cellular redistribution of MARCKS. Silencing MARCKS expression by RNA interference significantly decreased PMA-stimulated NT secretion. Conversely, overexpression of wild-type MARCKS increased PMA-mediated NT secretion. We show that Rho inhibitor C3, ROK inhibitors, ROK siRNA, and PKC-␦ siRNA inhibited the activity of MARCKS. Moreover, PKC-␦ phosphorylation was decreased by C3 treatment, suggesting that the Rho/ROK pathway lies upstream of PKC-␦ activation. In addition, we treated BON/GRPR cells with BBS, a physiologic stimulant of NT release, and demonstrate that, similar to PMAmediated effects, MARCKS protein contributes to NT secretion and is regulated through PKC-␦ and ROK␣. Therefore, we conclude that the role of MARCKS in NT secretion was regulated by the Rho/ROK/PKC-␦ pathway.
Several studies have reported a role of MARCKS in the regulation of hormone peptide release or neurosecretion. For example, wild-type MARCKS protein induces the peripheral movement of oxytocin vesicles in bovine large luteal cells in response to prostaglandin F2␣, indicating the involvement of MARCKS in oxytocin secretion (28, 29, 43) . The phosphorylation of MARCKS was spatiotemporally associated with the release of adrenocorticotropin in the ovine anterior pituitary by arginine vasopressin (30, 31) , suggesting that MARCKS phosphorylation may be involved in this process. The involvement of MARCKS in aldosterone secretion from bovine adrenal glomerulosa cells was also analyzed (32) . MARCKS phosphorylation was increased upon stimulation with PMA in chromaffin cells; MARCKS phosphorylation site domain sequence (MPSD), a peptide with amino acid sequence corresponding to the MARCKS phosphorylation site, inhibited Ca 2ϩ -evoked secretion, providing the first evidence for MARCKS involvement in chromaffin cell secretion (22) . Many of these studies demonstrate the association of MARCKS phosphorylation with secretion, but do not provide direct evidence showing the role of MARCKS in hormone secretion. Moreover, some of these reports utilized permeabilized cells as secretion models. In our present study, NT secretion was analyzed in intact BON cells and siRNA directed to MARCKS was employed to suppress MARCKS expression and assess the functional consequences of this effect, thus providing direct and reliable evidence demonstrating the role of MARCKS in hormone peptide secretion.
MARCKS is a well known substrate of conventional as well as novel PKC isoforms (44) . MARCKS mediates selected signal transduction events downstream of PKC pathways. For example, Salli and Stormshak (43) demonstrated that prostaglandin F2␣-induced secretion of oxytocin involved the phosphorylation of MARCKS protein. In these cells, treatment with prostaglandin F2␣ increased membrane association of PKC-␣ but no direct evidence was shown to demonstrate phosphorylation of MARCKS by PKC-␣. Uberall et al. (45) showed that expression of constitutively active mutants of either PKC-␣ or PKC-⑀ increased phosphorylation of endogenous MARCKS in intact mouse fibroblasts without stimulation, suggesting the regulation of MARCKS by PKC-␣ or PKC-⑀. MARCKS phosphorylation, regulated by PKC-⑀, was involved in prolactin secretion in rat pituitary cells (46, 47) . In our present study, we found that PKC-␦ regulates MARCKS phosphorylation in BON cells, as noted by the inhibition of MARCKS phosphorylation by PKC-␦ siRNA, but not by PKC-␣ siRNA. Taken together, MARCKS phosphorylation can occur via different PKC subtypes, and this regulation appears to be cell type or function specific.
Our findings provide direct evidence to suggest the regulation of MARCKS activity by the interaction of PKC and Rho/ ROK pathways, culminating in stimulated NT secretion. Both PKC (48 -53) and Rho family (54 -60) pathways have been separately implicated in the regulation of secretion from neuroendocrine cells; however, the interaction between the two molecules has not been previously reported in neuroendocrine cells. In human neuronal cells, MARCKS phosphorylation at Ser-159 (a site recognized by PKC) is induced by lysophosphatidic acid, interleukin-1␤, bradykinin, or GTP␥S, which activates Rho protein with the resultant activation of ROK (37, 61, 62) . In these studies MARCKS phosphorylation was sensitive to the ROK inhibitors HA1077 and H1152 or C3 toxin, suggesting MARCKS phosphorylation is Rho/ROK pathway-dependent. However, the phosphorylation induced by phorbol 12,13-dibutyrate was only minimally sensitive to the ROK inhibitors, suggesting that it is PKC-dependent and that the Rho/ROK pathway was not involved. Collectively, these studies demonstrate that MARCKS may be phosphorylated by either the PKC or the Rho/ROK pathways separately. In our present study, we demonstrated regulation of PMA-stimulated MARCKS phosphorylation at serine 152/156, which also represents a PKC phosphorylation site. This MARCKS phosphorylation was sensitive to the ROK inhibitors, Y27632 and HA1077, and Rho protein inhibitor C3 and ROK␣ siRNA as well as to PKC inhibitors and PKC-␦ siRNA, suggesting the involvement of both Rho/ROK and PKC pathways. Furthermore, our data suggest that Rho/ROK-stimulated MARCKS phosphorylation is mediated by PKC-␦ as demonstrated by the sensitivity of PKC-␦ phosphorylation to C3 toxin. These data may help to explain how a PKC-consensus phosphorylation site in MARCKS (Ser-159) reported previously (37, 61, 62) could be regulated by Rho/ROK.
Phosphorylation of MARCKS in vitro by the novel serinethreonine kinase PKD has also been reported (63) . In addition to PKC-␣ and -␦, we have also shown that PMA-induced activation of PKD stimulates NT secretion in BON cells (10, 11) . In the present study, treatment with siRNA to PKD did not inhibit MARCKS phosphorylation, suggesting that PKD-mediated NT secretion is through separate downstream pathways and does not involve MARCKS protein. This supposition is further supported by our results demonstrating that PMAstimulated NT secretion was decreased ϳ50% in BON cells transfected with MARCKS siRNA despite complete inhibition of MARCKS protein expression. Therefore, from the collective findings in our current study and our previous reports (10, 11) , it appears that multiple signaling proteins are involved in the concerted release of NT peptide. These coordinated pathways involve both MARCKS-dependent as well as MARCKS-independent activation.
In conclusion, using a novel human endocrine cell line BON, we identify an important role for MARCKS protein in stimulated gut peptide release. Silencing MARCKS expression by RNA interference resulted in decreased NT secretion mediated by treatment with either PMA (in wild type BON cells) or BBS (in BON/GRPR cells). Overexpression of wild-type MARCKS increased NT secretion from BON cells. MARCKS phosphorylation was regulated by PKC-␦ downstream of the Rho/ROK pathway. Our findings identify a novel mechanism of gut peptide release involving phosphorylation of MARCKS protein by the sequential regulation of Rho/ROK and PKC-␦ signaling pathways.
